We report on measurements of direct spin Hall effect in a lightly n-doped GaAs channel with conductivity below 2000 Ω −1 m -1 . As spin detecting contacts we employed highly efficient ferromagnetic Fe/(Ga,Mn)As/GaAs Esaki diode structures. We investigate bias and temperature dependence of the measured spin Hall signal and evaluate the value of total spin Hall conductivity and its dependence on channel conductivity and temperature.
Although electrical in nature it was initially observed optically 7, 8 and fully electrical measurements of a direct SHE was observed only very recently 10 .
In this paper we describe the results of the measurements of direct SHE in lightly ndoped GaAs channels, with spin accumulation detected by probes containing (Ga,Mn)As/GaAs Esaki diode structures 14 . The relatively high detection efficiency of the latter 15, 16 allows for effective measurement of low level polarizations generated by SHE. The geometry of the measurements is similar to the one in Ref. 10 . The charge current j x flows along the channel with conductivity σ xx . As a result of spin-orbit interaction the scattering at impurities is spin-dependent leading to deflection of carriers with opposite spins into opposite directions, transverse to the driven charge current. This gives rise to the spin current j s in the direction perpendicular to j x with spins partially polarized in a direction perpendicular to the plane formed by j x and j s . The generated spin current leads then to the spin accumulation at the edges of the channel, which is probed by, placed above the channel, ferromagnetic voltage probes with (Ga,Mn)As/GaAs Esaki diode structures. Due to spin-charge coupling occurring in the ferromagnetic materials 17 the spin accumulation in the channel leads to a voltage drop across the contact that can be experimentally measured 18 . From the measurements we extracted the value of spin Hall conductivity σ SH , defined as
, where E x is the electric field along the channel. We investigated also its dependence on the conductivity of the channel as well as on the temperature. From these dependencies we were able to determine the contribution from skew scattering and side jump and compare it to both theoretical predictions 5 and previous experimental results 10 . In contrast to experiments by , where P is spin injection efficiency of the employed contact. The feasibility of a scheme employing structures described above for studying of spin dependent phenomena has been demonstrated in non-local spin injection experiments described in Ref. 16 . Based on those measurements we estimated the value of P ≈ 0.5. Additionally we performed similar measurements (not shown here) on the current devices using each of the ferromagnetic contacts as a detector of spin accumulation generated by electrical spin injection at the other contact from the pair. Although that configuration was not optimal for a spin injection experiment and could not be used for quantitative analysis, it clearly demonstrated sensitivity of contacts to the polarized spins accumulated underneath. As spin accumulation at opposite edges of the channel has opposite spin orientation, the voltage between both contacts V SH can be written as
, assuming the same spin injection efficiency for both contacts. During measurements we were also monitoring the voltage V cd resulting from the ordinary Hall effect, as this produced background to the spin Hall signal.
Ferromagnetic electrode can measure only spin components parallel to its own magnetization axis, which for our structure lies in the plane of the sample. As the SHEinduced spin polarization is aligned along the z-direction we apply external magnetic field B y to induce precession of the spins in xz plane due to Hanle effect. As a result of the precession spins acquire an in-plane component that can be detected by spin-dependent contacts. Typical results of measurements are shown in Fig.1b , where we plot the voltage V ab measured between a pair of contacts in the applied external magnetic field B y . The following procedure was applied to obtain the shown curves. First magnetic field B x was swept to the saturation value of 0.5 T and back to zero to align the magnetization along the contacts in +x-direction.
Then the sample was rotated in-plane by 90 deg and the field B y was swept from zero to 0.5 T to induce precession of the out-of plane spin component. The procedure was then repeated with B y swept from zero to -0.5 T. Although the raw curves, shown in Fig 1b, contain contributions from different backgrounds, they clearly show the features expected from a spin-related signal, namely antisymmetric behavior near B y =0 T and opposite sign of the signal for magnetizations aligned along +x and -x direction. To be able to fit the data using standard Hanle equations 18 we had to remove the background contribution. , i.e., values which are very consistent with other reports 5, 10 .
To analyze the obtained SHE signal in more details and to determine the contribution of side jump and skew scattering to the measured spin Hall conductivity we performed bias dependence measurements for current densities in the range of j = 3.3×10 2 -3.3×10 3 A/cm 2 at T = 4.2K . In Fig 3(a) -(c) we show the spin Hall signal (symbols) for three different values of current density together with Hanle fits (solid lines) from which we can extract the spin Hall conductivity, in the way described above. Changing the current density tunes the value of the conductivity σ xx 10 in n-GaAs due to dependence of mobility on the electric field 16 . This allows us to extract dependence of σ SH on σ xx , plotted in Fig. 3(d) showing experimental data (symbols) and Hanle fits (solid lines) for three different temperature values. In Fig. 4(d) we plot then the dependence of extracted spin Hall conductivity on temperature. The measured signal decreased with increasing temperature mainly as a result of decreasing τ s . Above T = 70 K the signal was no longer observable, which is consistent with spin injection experiments on the same wafer. 16 Because channel conductivity increases with temperature we expected also an increase of σ SH . This was indeed observed as shown in Fig. 4(d) . In the same figure we plot also the predicted dependence (red triangles) of σ SH on temperature using Eq. 3 and the measured values of σ xx (T) and n(T). We clearly see that extracted σ SH increases faster with T than predicted, especially in the range of 4-30K.
In summary, we conclusively demonstrated all-electrical measurements of spin Hall 
